Results and Discussion

CPAP Is Required for Centriole Duplication in Cycling Human Cells
The centrosome comprises the centrioles and the pericentriolar material (PCM). Microtubule nucleation occurs within the PCM, whereas centrioles are crucial for organizing the PCM [3, 4] . A typical centriole in human cells is an w200 3 500 nm cylinder whose walls are formed by nine stable microtubule blades [1] . These blades consist of microtubule triplets from the ''proximal'' end of the centriole for approximately twothirds of its length and of microtubule doublets thereafter until the ''distal'' end. Mature centrioles harbor electron-dense subdistal and distal appendages that mediate microtubule anchorage in proliferating cells and attachment of the centriole to the plasma membrane during ciliogenesis, respectively [1] .
Centrosome duplication typically begins at the G1-to-S transition when one procentriole forms next to the proximal end of each of the two centrioles [5, 6] . A handful of proteins have been identified initially in C. elegans as being essential for procentriole formation, including SAS-4, which promotes addition of centriolar microtubules [4, 7, 8] . Small interfering RNA (siRNA)-mediated depletion of the SAS-4-related protein CPAP interferes with Plk4-mediated centriole amplification in human cells [9] . Accordingly, we found that depletion of CPAP prevented centriole duplication in cycling human cells (Figures 1A-1D ; see also Figures S1A-S1F available online). Furthermore, partial CPAP depletion led to asymmetric distribution of the PCM and the core centriolar protein centrin-3 between the two spindle poles ( Figures S2A and S2B ). Similar asymmetry and structurally defective centrioles are observed after partial depletion of SAS-4 in C. elegans [4] , raising the possibility that the amount of PCM is also proportional to centriole size in human cells. Importantly, we found that the proximal procentriolar protein HsSAS-6 [9, 10] was recruited and maintained despite CPAP depletion (Figures 1E and 1F ; Figures S2C-S2E ). By contrast, the CPAP signal was confined to the parental centriole in cells depleted of HsSAS-6 ( Figures  S2F and S2G ). Together, these results indicate that CPAP acts downstream of HsSAS-6 during procentriole formation in cycling human cells, in line with findings in C. elegans [8, 11] .
CPAP Overexpression Induces Threads with Stable Microtubules and Centriolar Markers
To gain insights into the mechanisms by which CPAP promotes centriole formation, we provided cells with excess CPAP. Strikingly, overexpression of untagged, GFP-tagged, or mCherry-tagged CPAP resulted in the appearance of CPAP-containing threads in the vicinity of the nucleus in U2OS cells (Figures 2A and 2B and data not shown). Such threads were also observed in other cell lines ( Figures S3D-S3O ), as well as in primary human umbilical vein endothelial cells (HUVECs) (Figures S3P-S3S) .
To further analyze the threads, we generated a U2OS cell line dubbed i-GFP-CPAP that stably maintains a plasmid allowing doxycycline-inducible GFP-CPAP expression. We found that the frequency of i-GFP-CPAP cells harboring threads steadily increased upon induction with doxycycline ( Figure 2H ). Moreover, threads tended to be longer and more complex at later time points ( Figures 2C-2G and 2I ). Threads contained acetylated tubulin, a hallmark of stable microtubules ( Figure 2K ) [12] . Accordingly, threads were resistant to microtubule depolymerization ( Figure 2J ).
These observations prompted us to investigate whether threads are related to centrioles. We found that threads contained polyglutamylated tubulin, Cep135, and centrin-3 ( Figures 2L-2N) , all of which are characteristic of centriolar cylinders [13] [14] [15] . CP110, which normally localizes to the distal part of procentrioles and centrioles [16] , was present at the end of threads ( Figure 2O ) or along their length (data not shown). In contrast, HsSAS-6 and C-Nap1, which marks the base of the centriole [17] , were not present along the length of threads ( Figures 2P and 2Q ). Odf2 and ninein, which mark the appendages of the mother centriole [18, 19] , also associated with the threads but did not extend along their length ( Figures 2R and 2S) . Overall, we conclude that threads formed upon CPAP overexpression bear proteins that are characteristic of centriolar cylinders.
Threads Are Abnormally Elongated Centrioles
To characterize threads at the ultrastructural level, we employed same-cell correlative light microscopy/serial-section electron microscopy (EM) on 12 i-GFP-CPAP cells with prominent threads 72 hr after doxycycline induction ( Figures 2T-2Z 0 ; Figure S4 ; Movie S1). For two of these cells, select sections were further investigated by dual-axis EM tomography. These analyses revealed that threads corresponded to abnormal centrioles that reached up to 3.5 mm in length (Figures 2U, 2V, and 2X-2Z; Figures S4E and S4F) , seven times the length of normal centrioles ( Figure S4I , centriole 3). Nine cells contained overly long centrioles as well as centrioles of normal length (see Figure S4 ), whereas all centrioles in the remaining three cells were overly long (see Figures 2U and 2V) . The structural organization of the proximal end of overly long centrioles appeared largely normal ( Figures 2Y-2Z 0 ), although sometimes microtubule doublets were present instead of triplets (Movie S1). By contrast, distal ends of overly long centrioles were distorted, with microtubule blades terminating at different distances from the proximal end ( Figure 2V, asterisks) .
EM revealed additional abnormalities in the organization of elongated centrioles. Subdistal appendages, which are normally organized in a tight ring around the mother centriole, were positioned more randomly along overly long mothers, with several subdistal appendages sometimes present (arrowheads in Figures 2Y-2Z 0 ; Figure S4 ). We also consistently found microtubule doublets decorated with electron-opaque material that were not directly connected to overly elongated centrioles (arrowheads in Figures 2V and 2W ).
Excess Elongation of the Procentriole or the Centriole Can Initiate in G2
We addressed whether there is excess elongation strictly of the centriole or also of the procentriole. Because threads persist during mitosis ( Figures S3A-S3C ) and thus might be inherited from previous cell cycles, we examined prophase i-GFP-CPAP cells 18 hr after induction to ensure analysis within the first cell cycle after overexpression. Using antibodies against HsSAS-6 to mark the proximal part of the procentriole and against centrin-2 [20] to label the distal part of procentrioles and centrioles, as well as threads, we assessed which centriolar cylinder underwent excess elongation. This analysis revealed excess elongation of the procentriole in w30% of cases, of the centriole in w35% of cases, and of both centriolar cylinders in the remaining w35% (Figures 3A-3D ; n = 34). As expected for elongation stemming also from the centriole, depletion of HsSAS-6 did not prevent thread formation in cells overexpressing CPAP (data not shown). We conclude that excess CPAP can result in abnormal elongation of both the procentriole and the centriole.
We sought to determine when excess elongation initiates during the cell cycle. We generated a doxycycline-inducible U2OS cell line dubbed i-mCherry-CPAP that proved well suited for long-term live imaging because of lower phototoxicity compared to i-GFP-CPAP. Individual cells were imaged by combinational 3D fluorescence/differential interference contrast (DIC) time-lapse microscopy starting 12-20 hr after induction. We analyzed 16 cells in which centrosomes initially seemed normal but then underwent abnormal elongation. In eight cells, the first signs of excess elongation were observed before mitosis, during late G2 ( Figure 3E ), with additional elongation during the ensuing G1 (Movie S2). The other eight cells entered mitosis with apparently normal centrosomes but exhibited elongated structures immediately thereafter (Figure 3F ; Movie S3). The limited resolution of light microscopy does not allow us to rule out that excess elongation always initiates during late G2 but is not always detected. We also found that threads usually did not form in cells arrested in S phase ( Figure 3G ; Movie S4). It is noteworthy that, in cycling cells, the levels of endogenous CPAP increased as cells progressed through G2 ( Figure S5 ), when elongation of procentrioles normally takes place. Overall, we conclude that CPAP overexpression results in excess elongation of centriolar cylinders starting in G2.
CPAP Overexpression Results in Supernumerary Procentrioles and Disorganized Centrosomes
Given that regular centrioles recruit the PCM [3, 4] , we reasoned that overly long centrioles could also recruit PCM. Accordingly, we found that the PCM components g-tubulin [21] , pericentrin [22] , NEDD1 [23] , and Cep192 [24, 25] almost invariably decorated the threads formed upon GFP-CPAP overexpression in U2OS cells, even at early time points after Z' (U and V) Two sequential 100 nm electron microscopy sections through the central part of the centrosome in the same cell. Both mother and daughter centrioles are elongated, and their distal ends are distorted (asterisks in V mark distal ends of individual microtubule blades). Two procentrioles (arrows) associate with the mother centriole, one near the proximal end and one near the distal end. There is also an electron-dense thread located w600 nm away from the distal end of the mother centriole (arrowhead in V), which corresponds to a lower-intensity CPAP-GFP signal (arrowhead in T).
induction (Figures 4A-4D; Figures S3D-S3O ; data not shown). As anticipated from these observations, depolymerization/ regrowth experiments established that microtubules could nucleate from threads (arrows in Figure 4D ). Excess PCM facilitates procentriole formation in S phase-arrested chinese hamster ovary (CHO) cells [26] , raising the possibility that the enlarged PCM surrounding threads upon CPAP overexpression could likewise promote procentriole formation. Intriguingly, we observed that 6 of the 12 cells examined by serialsection EM contained more than the maximal number of two centrioles and two procentrioles normally present in a cell. In three cases, in addition to the procentriole at the expected position near the proximal end of the centriole (arrow in Figure 2V ), there was an ectopic procentriole in the vicinity of the overly elongated segment (arrows in Figures 2W and 2Z) . Furthermore, serial-section EM revealed that all procentrioles contained microtubule singlets ( Figure 2W , arrows) or doublets (data not shown) and that they resided inside clouds of PCM (see Figure S4F ). The presence of supernumerary procentrioles was confirmed by immunofluorescence analysis, with ectopic procentrioles emanating from the side of threads being marked at their proximal end by HsSAS-6 ( Figure 4E , arrow 3). We found that such additional HsSAS-6 foci were present in 16% of cells with threads 48 hr after induction (n = 74) and in 36% of them 72 hr after induction (n = 107).
Overall, our analyses indicate that abnormally elongated centrioles recruit PCM and promote the formation of increasingly more supernumerary procentrioles, thus eventually resulting in centrosomes with severely disorganized architecture.
CPAP Overexpression Results in Multipolar Spindle Assembly
We next addressed the consequences of such abnormal figures for cell division. Fixed-cell analysis established that w16% of cells assembled a multipolar spindle 72 hr after induction of GFP-CPAP expression, in contrast to w2.5% in control cells (Figures 4F-4H ; n > 100 in each case). Accordingly, live-cell imaging revealed that mitosis in cells overexpressing mCherry-CPAP and harboring threads was often multipolar (15 of 57 cells, versus 2 of 35 in control cells). Furthermore, three cells with abnormal centrosomes did not complete mitosis and died (data not shown). Finally, although a bipolar spindle was assembled in the remaining 39 cells, cytokinesis failed in three of these ( Figure S6 ). Thus, overall, mitosis is defective in w35% of cells with elongated centrioles.
To gain further insight into the cause of these mitotic abnormalities, we followed the progeny of single cells for at least two consecutive cell cycles. In 7 of 10 such lineages, the first mitosis was bipolar even when both centrosomes comprised (W) Individual 2.6 nm slices from the tomogram of the section presented in (V). Tomography reveals that the electron-dense thread denoted with an arrowhead in (V) corresponds to two parallel microtubule doublets (arrowheads in left panel) not connected to the centriole. Both procentrioles are poorly organized and contain only individual microtubules (arrows in right panels). Scale bar represents 100 nm. (X-Z') Tomography slices (15 nm) illustrating the structure of an elongated mother centriole (see Figure S4 for complete series of 100 nm sections; see also Movie S1). The proximal part of the centriole is cylindrical (Y-Z'), whereas the distal part is severely distorted. The blades are formed by microtubule doublets, and some of the blades are discontinuous (arrow in Y). The entire length of this centriole is embedded in prominent electron-opaque pericentriolar material (PCM). Several subdistal appendages are present on the centriole (arrowheads in Y-Z'; see also Figure S4E ). In addition to the regular procentriole (see Figures S4I and S4J) , an ectopic procentriole is present near the distal end of this centriole (arrow in Z). Scale bar represents 250 nm. Percentages represent fraction of each type among centrosomes with threads. In 16 of 50 thread-bearing centrosomes, the single thread could not be unambiguously assigned to either procentriole or centriole, resulting in a slight underestimate of the frequency of single elongation events. Note also that 6% of uninduced prophase cells exhibited threads, presumably due to leaky expression, all stemming from the centriole. (E and F) Live imaging of cycling i-mCherry-CPAP cells. In this and other live-imaging panels, time is denoted in hr:min, with 00:00 corresponding to the onset of the time-lapse recording. Threads are first detected at 06:15 in (E), before mitosis, and at 03:30 in (F), after mitosis. See also Movies S2 and S3.
(G) Live imaging of an i-mCherry-CPAP cell held in 2 mM hydroxyurea (HU) for 24 hr prior to incubation with both HU and doxycycline for 24 hr followed by onset of filming. Note that threads do not form during the entire duration of the recording, which also indicates that thread formation in cycling cells is not simply a result of continued exposure to elevated CPAP levels (see also Movie S4). This result was observed in 4 of 5 cells held in HU, whereas 1 of 5 cells formed threads as CPAP levels became extremely elevated before cell death. Related results were obtained by immunofluorescence analysis of cells held in S phase: 22% of cycling i-GFP-CPAP U2OS cells (n = 154) harbored threads 48 hr after induction by doxycycline, compared to 3% (n = 125) when held in thymidine.
long and complex threads, presumably because they remained in two discrete complexes ( Figure 4I , 03:45; Movie S5). However, during the ensuing G1, threads were released from the common complexes, with each thread or fragment thereof behaving as an individual unit ( Figure 4I , 06:00). These individualized units assembled a multipolar spindle during the subsequent mitosis ( Figure 4I, 22:15) . Because the overall levels of mCherry-CPAP were similar during bipolar and multipolar spindle assembly in such cells (Movie S5), multipolar spindle assembly does not appear to result merely from excess CPAP. Furthermore, because the preceding mitosis was bipolar despite threads, these structures alone cannot be responsible for multipolarity. Instead, our analysis indicates that accumulation of supernumerary microtubule organizing (D) A U2OS cell transiently transfected with GFP-CPAP for 72 hr, subjected to cold-induced depolymerization for 1 hr, and warmed up to 37 C for 4 min prior to staining with antibodies against a-tubulin (green) and GFP (red). Arrows point to microtubules emanating from threads. (E) i-GFP-CPAP cell induced with doxycycline for 72 hr and stained with antibodies against centrin-2 (green) and HsSAS-6 (red). Arrows point to procentrioles (1 and 2 correspond to regular procentrioles; 3 corresponds to an ectopic procentriole formed in the vicinity of the overly long centriole). (F and G) i-GFP-CPAP cells induced with doxycycline for 72 hr and stained with antibodies against a-tubulin (green) and centrin-3 (red). Note that some cells with threads assembled a bipolar spindle (see Figure S3B ) and that some cells that do not harbor a thread assembled a multipolar spindle (data not shown). (H) Fraction of multipolar spindles among i-GFP-CPAP cells induced with doxycycline for 0, 24, 48, or 72 hr prior to fixation and staining with antibodies against a-tubulin. Error bars represent standard deviation of two independent experiments (n > 100 for each). (I) Selected fluorescence (maximal-intensity projection) frames from time-lapse recordings of one i-mCherry-CPAP cell. Note bipolar spindle assembly at 03:45, presence of multiple individual threads in the ensuing G1 (06:00), and multipolar spindle assembly at the next cell division (22:15) . See also Movie S5, where corresponding differential interference contrast frames are shown in addition. (J) CPAP is critical for centriole elongation. Whereas CPAP depletion (left) results in a procentriole that harbors HsSAS-6 but not more distal centriolar proteins, and presumably no microtubules, excess CPAP (right) results in overly long centriolar cylinders. Note that HsSAS-6 is present in all three cases but is less visible inside the centriole cylinder in the center and right panels. centers (MTOCs), presumably as a result of the presence of ectopic procentrioles and the fragmentation of overly long centrioles, is at the root of multipolar spindle assembly upon CPAP overexpression.
On the Control of Centriole Length
The importance of centriole length has received little attention thus far. Whereas centriole elongation can occur within minutes in rapidly dividing embryonic systems [8, 27] , this process occurs in somatic cells at a rate that is at least an order of magnitude slower than that of spontaneous tubulin polymerization, suggesting that it is not driven merely by microtubule polymerization. Here, we have demonstrated that overexpression of the SAS-4-related protein CPAP results in formation of overly long centrioles in human cells. We have also shown that this is accompanied by PCM recruitment along overly long centrioles and formation of supernumerary procentrioles, ultimately leading to multipolar spindle assembly and defective cell division.
How CPAP overexpression results in excess elongation of the centriolar cylinder is not yet clear. In C. elegans, electron tomography indicates that SAS-4 is required for procentriole formation after SAS-6 recruitment and before centriolar microtubules are added [8] . Our findings that CPAP is needed for procentriole formation after HsSAS-6 recruitment and that excess elongation occurs following CPAP overexpression are compatible with the notion that this protein somehow promotes incorporation of centriolar microtubules ( Figure 4J) .
Formation of threads within the centrosome has been reported in U2OS cells following depletion of CP110 or the CP110-associated protein Cep97 and was interpreted as corresponding to cilia-like structures [16] . We noticed several similarities between the threads forming in U2OS cells in the absence of CP110 and upon overexpression of CPAP. For example, in both cases, threads contained centrin, a centriolar protein not reported to be present in cilia. Therefore, we reinvestigated the phenotype of U2OS cells depleted of CP110 via serial-section EM and found abnormally elongated centrioles and microtubule doublets not connected to them, as upon CPAP overexpression (Figures S4M-S4P ). This suggests that CP110 also modulates centriole length in cycling U2OS cells, which is compatible with a study by Nigg and colleagues in this issue of Current Biology reporting that CPAP and CP110 have antagonistic roles in regulating centriole length [28] . Elongated structures that harbor centriolar proteins also form upon overexpression of the centriolar protein POC1, although they have not been characterized at the ultrastructural level [29] . In conclusion, our work suggests that centriole length must be restricted to prevent disruption of centriole architecture and faulty cell division. Therefore, proper regulation of proteins such as CPAP, CP110, and POC1 that set centriole length contributes to ensuring genome integrity.
Supplemental Data
Supplemental Data include Supplemental Experimental Procedures, six figures, and five movies and can be found with this article online at http:// www.cell.com/current-biology/supplemental/S0960-9822(09)01119-1.
